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Introduction
During gastrulation the basic embryonic architecture is established, including the physical construction of the rudimentary primary body axes. This is done through movements on a massive scale, which allow cells to establish great complexity from a simple starting form. The complexity of these movements together with our inability to image them in vivo forced researchers to study each movement isolated from the others. The movements themselves are studied by breaking them down into their component events, which is a useful first step. Yet if we are to truly comprehend the way morphogenetic movements give rise to form, we need to begin integrating what we know back to the embryo and view gastrulation as a unified process rather than individual components. In order to achieve this we need to have the ability to image movements in vivo with high resolution so that questions regarding involvement of specific proteins and pathways can be addressed in the embryo. Although imaging technologies like Optical Coherence Microscopy, MRI, Ultrasound Biomicroscopy and Optical Coherence Tomography are capable of deep tissue imaging they do so at low resolution creating the need for better methodology (Needles et al., 2003; Haskell et al., 2004a,b; Papan et al., 2007a,b; Chu et al., 2003; Boppart et al., 1997) .
Quantum Dots (QD's) provide distinct advantages over traditional fluorescent markers. QD's in addition to extremely high fluorescence intensity offer wide excitation spectra, narrow and tunable emission spectra, large stokes shift and resistance to photobleaching (Medintz et al., 2005; Michalet et al., 2005) . We have in the past, established that visible spectrum emitting QD's can be used successfully to obtain single cell resolution (in the superficial tissues) of the events of early Xenopus development including gastrulation (Dubertret et al., 0925-4773/$ -see front matter Ó 2009 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2009.07.008 2002). Near Infra Red (NIR) QD's have been used for imaging of tumors and sentinel lymph nodes in mice and pigs, respectively (Kim et al., 2003; Stroh et al., 2005) . The NIR region of the spectrum (700-950 nm) is ideal for imaging through tissues because light scattering diminishes with increasing wavelength, and hemoglobin electronic and water vibrational overtone absorptions approach their minimum over this spectral domain (Franceschini et al., 1997; Rao et al., 2007; Hawrysz and Sevick-Muraca, 2000; Intes et al., 2003; Weissleder and Ntziachristos, 2003; Kalchenko et al., 2006) . Furthermore living tissue auto fluorescence also reaches a minimum at this range and the fluorescent signal can, even in the case of organic fluorophores, be detected in vivo at subnanomolar quantities and at depths sufficient for experimental or clinical imaging (Tung et al., 2000; Weissleder et al., 1999) . This raised the possibility of using QD's emitting in the NIR region for in vivo imaging of morphogenesis in Xenopus. Specifically we aimed to visualize a process called mesoderm migration using QD nanocrystals.
Mesoderm migration is a well studied morphogenetic movement that takes place during the Xenopus gastrulation. Once internalized mesodermal cells become apposed to the blastocoel roof (BCR), adhere to the extracellular matrix (ECM) secreted by the BCR and start migrating directionally towards the animal pole (Nakatsuji and Johnson, 1983a,b; Nakatsuji, 1986; Smith et al., 1990; Winklbauer, 1990a,b) . These cells adhere primarily to the fibronectin component of the ECM, and once they do they become flat, create a shingled arrangement and extend numerous filopodia and lamellipodia. Disruption of the intergin-FN interaction using antibodies against fibronectin or peptides containing the RGD sequence abolishes migration (Marsden and DeSimone, 2001; Ramos and DeSimone, 1996a,b; Ramos et al., 1996; Winklbauer and Keller, 1996a,b) . Furthermore time-lapse confocal movies of actin dynamics at the margin of mesodermal explants suggest that integrin-mediated traction is what drives mesoderm migration (Davidson et al., 2002a,b) .
Attachment of cells to the extracellular matrix (ECM) is primarily mediated by the integrin family of receptors (Hynes, 1992; Hynes et al., 1992) . Engagement of heterodimeric integrin receptors leads to the clustering of integrins and recruitment of numerous proteins to form multi-protein complexes on the cytoplasmic face of the plasma membrane termed focal adhesions (Burridge et al., 1988) . Focal adhesions serve to anchor the actin cytoskeleton to the plasma membrane and to provide linkage between the extracellular environment and the cytoplasm (Burridge and Chrzanowska-Wodnicka, 1996) . Adherent mammalian cells have been known to attach to the extracellular matrix through these complexes and a large number of proteins like the focal adhesion kinase (FAK) have been identified which are consistently localized at focal adhesions (vinculin, talin and paxillin). Such complexes have been recently visualized in dorsal mesodermal explants plated onto FN coated surfaces by over-expression of a paxillin-GFP fusion protein (Iioka et al., 2007) . The authors went onto show that disruption of focal adhesion complexes inhibits convergent extension another well studied morphogenetic movement.
We report the use of NIR QD's for labelling and in vivo imaging of mesodermal cells migrating on the BCR with single cell resolution. In addition we report that inhibition of the focal adhesion kinase blocks mesoderm migration both in vitro and in vivo but has no effect on convergent extension.
2.
Results and discussion 2.1.
Fluorophore evaluation
We began our study by evaluating a number of fluorophores emitting both in the visible and the NIR region (organic and inorganic) in an effort to identify the region of the spectrum as well as the type of fluorophore best suited for this study. This was achieved by injecting each fluorophore into the animal pole of early embryos and assessing the signal to noise ratio and the toxicity in the presence and absence of excitation (data not shown). The advantages of using the NIR region of the spectrum for lineage tracing became apparent in our initial experiments comparing NIR QD's to visible range QD's. Xenopus embryos are highly auto-fluorescent due to the large amount of yolk present, especially at early stages. As seen in Fig. 1A and B the in vivo detection of QD labelled superficial animal pole cells is vastly improved when all visible wavelengths are filtered out, a clear demonstration of the advantages of using the NIR region for this type of experiment. In addition our comparison of different fluorophores indicated that NIR QD's from Invitrogen (Qtracker 800 non-targeted Quantum Dots) were the most suitable for our study, having higher signal to noise ratio and significantly better photostability than any of the NIR or far red organic fluorophores (IrDye800, Alexa680, Cy3, Cy5, Alexa750) that were tested (data not shown). However despite the clear advantages of QD's it should be noted that there was significant variation in the quality of QD's from Invitrogen from different batches. More details can be found in the Section 3 of the paper.
2.2.
Imaging the migrating anterior mesoderm using NIR QD's In order to test if NIR QD labelled mesodermal cells could be visualized in vivo through the cells of the animal cap nontargeted NIR QD's were microinjected in the dorsal marginal zone of eight cell embryos. The embryos were then allowed to develop to stage 10.5 and imaged on an epifluorescence equipped microscope. This type of experiment allowed the visualization of the leading edge of the anterior mesoderm through the animal cap of wild type embryos during gastrulation ( Fig. 1E-H ) while injection of both dorsal and ventral marginal zone blastomeres enabled visualization of the mesodermal mantle closure ( Fig. 1M-P ). This type of injection however failed to provide clear delineation of individual cells due to the uniform nature of the labelling ( Fig. 1E-H) . Non-targeted NIR QD's label cells uniformly and are evenly inherited by the progeny of the injected cells making cell boundaries hard to distinguish, especially when the tissue being imaged is deep within the embryo, leading to diffuse signal. Despite this we were able to obtain time-lapse movies showing the progress of the leading edge ( Fig. 1E-H ) and calculate the aver-age displacement rate of the front in vivo which was 1.9 ± 0.28 lm/min (average from 20 embryos at 20-22°C). These measurements refer to the speed with which the anterior mesoderm front is approaching the top of the BCR assuming that the mesoderm is migrating on the surface of a 1 mm sphere (details regarding the calculations can be found in Section 3 and Supplemental Fig. 2 ). These rates did not vary as much as previously recorded in vitro rates (1-3 lm/min) (Winklbauer, 1990a,b; Winklbauer and Keller, 1996a,b; Winklbauer and Nagel, 1991) are slower than previously published in vivo rates ($4 lm/min) (Davidson et al., 2002a,b) but faster than the rate calculated from the analysis of in vivo MRI based time-lapse movies ($1.3 lm/min) (Papan et al., 2007a,b) . The differences between the rates measured by us and others are most likely due to differences in the temperature at which the embryos or explants were filmed. It should be noted that an embryo develops 25% slower at 20°C versus 22°C (Sive et al., 2000) . The embryo was imaged with 600 nm long pass emission filter allowing all wavelengths above 600 nm to reach the camera and in B the same area of the same embryo was imaged with an 800-nm long pass filter set allowing all wavelengths above 800 nm to reach the camera. Autofluorescence in the 600-750 nm range is so intense that the labelled cells (three indicated with red stars in A) cannot be differentiated from unlabelled neighboring cells. (C and D) NIR QD labelled cells break free from their neighbors and become interspersed within non labelled regions and can be visualized through the pigmented animal cap. (E-H) Four frames from a time-lapse movie of an embryo injected at the DMZ (yellow star) at the four-cell stage with NIR QD's. The mesodermal front becomes clearly visible as it moves towards the top of the blastocoel (red star). (I-L) Four frames from a time-lapse movie of an embryo injected with cell tracker QD's at early gastrula. The Qtracker QD's were injected into the blastocoel cavity. Using this approach QD's labelled vegetal pole cells (not visible) and the mesodermal belt (DMZ yellow star, top of the BCR red star, VMZ green star). (M-P) Injection of NIR QD's at both the DMZ (yellow star) and VMZ (green star) enables visualization of the mesodermal mantle closure (DMZ yellow star, top of the BCR red star, VMZ green star).
In an effort to track single cells embryos were injected at the 16 cell stage. Injection of one blastomere at this stage restricted labelling to a sufficiently small number of cells and enabled visualization of individual migrating cells (Fig. 1C  and D) . Improved visualization of single cells was achieved by the injection of 32 cell embryos at blastomeres C1 or B1 ( Fig. 2A -E, Supplemental movie 1 and 2). Using this approach individual cells can be tracked and migration rates can be easily determined. In addition the resolution is sufficient to monitor cell shape changes and protrusions of individual cells ( Fig. 2A -E magnified insets and Supplemental movie 2). Under similar conditions labelling using fluorescent dextran does not allow visualization of the labelled cells confirming the superiority of QD labelling (Supplemental Fig. 3A and B) . (red) can compete FAK (green) from its signaling complexes. FRNK-HA (500 pg) was injected in one out of two blastomeres of two-cell stage embryos at the animal pole and then the embryos were allowed to develop to stage 11 fixed and processed for whole mount immunostaining. FRNK-HA was stained with an HA specific antibody while endogenous FAK (green) was visualized using a-FAK polyclonal antibody raised against the N-terminus of FAK that does not recognize FRNK. Note the diffuse signal of endogenous FAK (green) in the FRNK expressing cells (red) compared to the neighboring control cells.
Tracking of QD labelled anterior mesodermal cells reveals an overall highly directional and highly persistent movement towards the top of the BCR (tracks on Fig. 2E ). Note that due to the fact that the images are from the early stages of mesoderm migration the tracks are more or less parallel to each other. Individual cell migration rates were calculated from 10 embryos (minimum of 10 individual cells measured from each embryo) and they ranged between 1.9 and 2.9 lm/min (Fig. 2U) . The lowest rate is in agreement with the average rate of the front as measured before (1.9 ± 0.28 lm/min, Fig. 1E-H) . One would expect that if the front is moving at a certain rate that rate would be the minimum observed for individual cells. However these measurements show that individual cells can attain sustained migration rates, which are significantly higher than the migration rate of the mesoderm front. In Xenopus, prechordal mesoderm moves as a multilayered coherent cell mass held together by cadherin based cell-cell adhesion (Winklbauer et al., 1996) . However it is clear from the QD based visualization of the anterior mesoderm that there is free movement of individual cells within the cell mass and that a surprising amount of mixing takes place during this movement (Supplemental movie 1). Individual cells break free from their neighbors and become interspersed within non labelled regions (Fig. 1D ). In addition cells can be seen undergoing division and the daughter cells follow different paths (Fig. 2B -E small icons lowest green track and Supplemental video 2). These data are in agreement with previously published work suggesting that contacts between individual dorsal marginal zone cells are significantly less stable than those between ventral marginal zone cells as well as with in vitro observations (Reintsch and Hausen, 2001; Davidson et al., 2002a,b) .
Another approach that resulted in single cell visualization was the use of Qtracker Ò 800 Cell Labeling QDs (Invitrogen Qtracker 800 Cell Labeling Kit). These were injected in the blastocoel (BC) of late blastula to early gastrula embryos and were taken up by cells facing the inside of the blastocoel cavity. The viscosity of the Qtracker Ò 800 solution causes it to remain at the lower region of the BC labelling vegetal and mesodermal cells without labelling animal pole cells. Late blastula and early gastrula injections resulted in relatively homogeneous staining enabling the visualization of the entire mesodermal mantle but making single cells hard to track (Fig. 1I-L 
Functionalized Quantum Dot probes
Despite the fact that injections of Xenopus embryos at the 32 cell stage can provide single cell resolution imaging of migrating mesoderm, injections at this stage are relatively difficult especially when the targeting of a specific blastomere is required. However injections of earlier stage embryos result in homogeneous staining of the progeny making it impossible to identify individual cells (Fig. 1E-H ). An improved NIR QD probe would be one that concentrates in the nucleus. Individual nuclei are well spaced within the embryo in all dimensions creating better contrast. In addition the concentration of a fluorophore in the nucleus would further enhance the signal to noise ratio due to higher localized signal intensity. We tested four different streptavidin conjugated QD's (Qdot 565, Qdot 605, Qdot 705, Qdot 800) which we pre incubated with a synthetic biotinylated SV40 nuclear localization signal (NLS) peptide. Using this approach only the NLS Qdot 565 QD's became localized to the nucleus whereas all longer wavelength QD's were either completely excluded from the nucleus or only showed partial concentration in the nucleus (Supplemental Fig. 1 and data not shown). It appears that size limitations preclude NIR QD's from accumulating in the nucleus. In an effort to minimize the diameter of the NIR QD's we used reactive carboxyl QD's and created covalent NLS-QD conjugates (Qdot 800). However the Qdot 800 CdSe/ZnS core shell QD-NLS conjugates also failed to accumulate in the nucleus (data not shown). We went onto test InAr/ZnS core shell QDs synthesized by the Bawendi group (Zimmer et al., 2006) . These QD's have similar emission spectra with the Qdot 800 from invitrogen but significantly smaller hydrodynamic radii (Zimmer et al., 2006) and readily accumulate in the nucleus (Supplemental Fig. 1 ). Such localization allows tracking of individual cells even in homogeneously labelled regions of the embryo. However the quantum yield of these lab synthesized particles is relatively low (6-9%), compared to the commercially available CdSe/ZnS core shell QD's making them unsuitable for deep tissue imaging at this time (Zimmer et al., 2006) . Their relatively low quantum yield requires the use of higher amounts before the signal intensity reaches sufficient levels for in vivo detection in deep tissues and such amounts are toxic to the embryo. These results point to the need for smaller biocompatible NIR QD's with higher quantum yields. Such material would further improve both the depth penetration and the resolution of QD based in vivo imaging.
Visualizing focal adhesions on migrating mesodermal cells
It became clear from our above experiments that Quantum Dots can be used to track migrating mesodermal cells during gastrulation in vivo and thus enable us to analyze intrinsic and extrinsic signals that control gastrulation movements in live embryos. We decided to analyze the role of focal adhesions and specifically the focal adhesion kinase (FAK) in mesodermal cell migration using QD's. As prechordal mesoderm migrates along the fibronectin matrix of the BCR during Xenopus gastrulation, focal adhesions and molecules involved in formation of focal adhesion complexes would be expected to play an important role in this process. To test this possibility, we first examined the distribution of known focal adhesion proteins in migratory Xenopus mesodermal cells. To confirm the presence of focal adhesions in migrating mesodermal cells we used antibodies directed against a number of well characterized focal adhesion proteins. We detected characteristic linear focal adhesions (FAC's) in adherent mesodermal cells that were plated on FN coated coverslips (Fig. 3) . Optical sectioning of these cells revealed that the linear structures observed are only present in the coverlip/cell interface further confirming that the complexes imaged are focal adhesions (data not shown). FAK colocalizes with both vinculin and paxillin on these complexes (Fig. 3A-F) . FAK localized at the FAC's is phosphorylated on all three sites examined (PY397, PY576, PY861) as evidenced by staining with phospho specific FAK antibodies ( Fig. 3 and data not shown) . FAC's were mainly concentrated at the cell periphery especially in cells with a motile phenotype and were weaker and smaller than the ones seen on mammalian cells grown on FN. Double labelling of vinculin and actin revealed that the focal adhesion complexes formed at the ends of actin filaments ( Fig. 3G and H) in a similar fashion as described in mammalian adherent cells (Maher et al., 1985; Yap et al., 1995) . Efforts to visualize focal contacts in vivo were not successful, even though all focal adhesion proteins we examined (FAK, vinculin, paxillin) were enriched in the interface between the BCR and the adherent mesodermal cells including phosphorylated FAK (Fig. 3I and data not shown) . Work by other groups using substrates of varying flexibility has shown that cells plated in relatively flexible substrates display a less organized cytoskeleton and absence of linear focal adhesions.
Instead they form focal adhesion like structures that appear punctuate and are much smaller (Robert and Wang, 1997) . Since the BCR is less rigid than glass it is likely that focal contacts in the embryo are very small compared to the ones formed in vitro making them hard to image however the concentration of focal adhesion proteins in the interface between mesendoderm and the BCR suggests that such complexes do indeed form in the embryo. 
FAK is necessary for mesoderm migration
FAK is a positive regulator of cell migration, integrating integrin and growth-factor signals (Hanks et al., 2003; Sieg et al., 2000 Sieg et al., , 1999 van Seventer et al., 2001) . It is expressed in Xenopus migrating mesodermal cells and we have shown that it is localized at the focal adhesions formed by these cells (Hens and DeSimone, 1995; Zhang et al., 1995) . In addition it has been shown that FAK has a role in somitogenesis (Kragtorp and Miller, 2006) . Its expression and localization at the tissues undergoing mesoderm migration suggest a potential role in this movement. In order to examine the possibility that FAK is important for mesoderm migration we used influenza hemagglutinin (HA) tagged versions of both FAK and FRNK, a dominant negative splice variant as well as GFP tagged versions of both proteins (Richardson and Parsons, 1996; Richardson et al., 1997; Schaller et al., 1993) . We first addressed the possible effects of FRNK over-expression on the localization and tyrosine phosphorylation of endogenous FAK in Xenopus cells. Tyrosine phosphorylation of FAK is a good indicator of its activity, and cycles of phosphorylation and dephosphorylation are believed to be essential for cell migration (Du et al., 2001; Leu and Maa, 2002) . In agreement with previously published data (Kragtorp and Miller, 2006) over-expression of FRNK leads to a significant reduction in the levels of tyrosine phosphorylated FAK on residue 397 (data no shown). Furthermore FRNK over-expression leads to the redistribution of endogenous FAK from its complexes to the cytoplasm (Fig. 3J-L) . This is in agreement with findings that FRNK expression leads to the redistribution of FAK from the focal adhesions to the cytoplasm in rat myocytes (Heidkamp et al., 2002) , and also supports the hypothesis that FRNK functions by competing FAK off its signaling complexes (Crawford et al., 2003; Richardson and Parsons, 1996) . The fact that FRNK, competes FAK from its complexes and reduces its phosphorylation level suggests that it is, as reported previously, functioning as a bona fide dominant negative in the context of the developing Xenopus embryo (Richardson and Parsons, 1996; Leu and Maa, 2002) .
To examine the role of FAK in the process of mesoderm migration, FRNK (500 pg) was co-injected with mem-GFP (100 pg) in the DMZ of four-cell stage embryos (one out of two DMZ blastomeres was injected in each embryo). Following injection embryos were allowed to develop to late blastula stages and then the DMZ was dissected and dissociated. A mixture of injected and uninjected DMZ cells were then plated on FN coated wells and imaged. Dissociated FRNK overexpressing cells adhere but fail to spread (Fig. 4N) and their migration rate is comparable to that of ectodermal controls (Fig. 4M compare bar 2 and 5) . The same is true for small anterior mesodermal explants, which remain rounded and do not spread on FN (Fig. 4A-C) . Furthermore, co-injection of FAK (50 pg) together with FRNK rescues spreading, and most of the FAK + FRNK co-expressing cells exhibit a migratory morphology, however their average migration rate is lower than that of uninjected controls (Fig. 4 D-F and M bar 3) . In addition over-expression of FAK in ectodermal cells does not induce a migratory phenotype, nor does it increase the rate of migration of mesodermal cells (data not shown). These results suggest that FRNK can specifically and cell autonomously inhibit mesoderm migration on FN in vitro and suggest that FAK is necessary but not sufficient for this morphogenetic movement.
Recent data from Iioka et al. have implicated paxillin, vinculin and tallin in convergent extension movements (Iioka et al., 2007) . In order to address a potential role of FAK and focal adhesions in convergent extension two-cell stage embryos were injected with FRNK (500 g per blastomere) and memGFP (100 pg per blastomere, as a lineage tracer) at the animal pole, and animal caps were cut at late blastula. After activin induction the explants were either placed on BSA coated wells or on FN treated wells and were then allowed to develop until sibling controls reached late neurula. The explants that were placed in FN coated wells spread into a monolayer except in the regions expressing FRNK, which blocked spreading as well as intercalative behavior towards the substratum (Fig. 4D-F) . Uninjected induced explants completely spread into a monolayer (data not shown). On the other hand, explants in BSA coated wells healed and underwent convergent extension movements leading to their elongation, which was identical in extent to that of uninjected control explants suggesting that FRNK expression does not affect convergent extension (Fig. 4J-L) .
FRNK has been shown to disrupt focal adhesion complexes (Heidkamp et al., 2002) and its expression in these explants although clearly disruptive with respect to spreading and adhesion on FN has no effect on the intercalative behavior of explants undergoing convergent extension. Despite this radial intercalation of adherent explants is blocked possibly due to the fact that underlying cells are unable to move and allow the overlying cells to intercalate towards the substratum. These results suggest that FAK is not important for convergent extension but is required for mesoderm migration. The differences are most likely due to the cell-cell vs. cell-ECM interactions required by convergent extension and mesoderm migration, respectively.
Imaging FRNK expressing mesoderm in vivo
Since FRNK can inhibit mesoderm migration in vitro, we wanted to determine the effects of FRNK expression in vivo. (Wacker et al., 1998) . We therefore injected FRNK at the dorsal marginal zone of fourcell stage embryos in both dorsal blastomeres (the injections were made at the dorsal most region of the embryo as close to the cell-cell boundary as possible, 500 pg per blastomere). Fig. 5A shows the range of deformities observed. In most embryos the blastopore failed to close, which led to neural tube closure problems in the more severe cases. 83% (n = 31) of FRNK injected embryos failed to reach blastopore closure compared to 0% (n = 27) of memGFP injected embryos. The FRNK injected embryos which gastrulated normally were morphologically normal but blastopore closure was delayed. These results are in agreement with previous data showing that use of adhesion blocking antibodies and peptides (Ab's against fibronectin and RGD containing peptides) leads to a delay of or failure of blastopore closure (Winklbauer and Keller, 1996a,b; Ramos and DeSimone, 1996a,b) . Evidence of the specificity of the FRNK phenotype was established by coinjection of FAK (50 pg per blastomere) which can rescue the FRNK phenotype and significantly reduce (but not eliminate) the number of embryos failing to reach the tadpole stage. Forty-three percentage (n = 44) of FAK co-injected embryos failed to reach blastopore closure compared to 83% (n = 31) of FRNK alone (Table 1 ). The partial rescue of the FRNK phenotype by co-expression of FAK is consistent with the partial rescue observed in dissociated cells (Fig. 4D-F and M) . Since the dorsal most mesoderm is more migratory, we postulated that FRNK expression in less active tissues would be less detrimental to the gastrulation process. This prediction was tested by marginal zone injections of FRNK into four-cell stage embryos that were progressively more lateral. As the injections become more lateral (away from the DMZ) the percentage of embryos failing to close their blastopore decreases dramatically further supporting the prediction that blocking mesoderm migration in less active tissues should result in milder phenotypes (Fig. 5C ). Whole mount in situ staining of stage12, 12½ embryos injected with FRNK (at the DMZ of four-cell embryos) shows that FRNK expression does not affect mesoderm specification as evidenced by the undisturbed expression of Xbra. However the positioning of chordamesoderm in FRNK injected embryos is mildly affected as shown in Fig. 5D and E (compare FRNK injected to control).
We went onto image FRNK expressing mesoderm in vivo with the use of NIR QD's. Four-cell embryos were injected with FRNK-GFP mRNA in both dorsal blastomeres at the marginal zone (500 pg per blastomere). Embryos were allowed to develop to the 32 cell stage and were then injected at the B1 or C1 blastomeres with QD's. Unlike controls where individual cells are seen migrating towards the animal pole, in embryos injected with FRNK at both dorsal blastomeres no QD labelled cells were detected migrating on the BCR (data not shown). In an effort to visualize FRNK expressing cells we went onto inject four-cell stage embryos with FRNK-GFP mRNA (500 pg) in one out of two dorsal marginal zone blastomeres. At the 32 cell stage two blastomeres one on the uninjected and one on the FRNK-GFP injected side were injected with non-targeted QD's. The embryos were allowed to develop and imaged at gastrula stage. As shown in Fig. 2G -J very few cells can be seen migrating out of the GFP positive region (Supplemental movie 3). Despite the fact that GFP negative cells can be seen reaching the top of the BCR the FRNK injected embryos failed to produce cells that were clearly separated as in the controls suggesting that FRNK expression in one hemisphere influences the migration of cells in the other (Fig. 2 compare A-E and G-J) . In addition the few cells coming out of the GFP positive region lack directionality and only a small number of these cells reach the top of the BCR. The experiment was repeated using stage 9.5 injections in the blastocoel with Qtracker Ò 800 Cell Labeling QD's. As seen in Fig. 2 (Fig. 2K-O) , FRNK positive cells that are in direct contact with GFP negative cells initially migrate directionally towards the top of the BCR possibly pulled by neighboring FRNK negative cells but are soon left behind and move randomly. GFP positive cells that are not in close proximity to GFP negative mesodermal cells fail to migrate towards the top of the BCR. This is to our knowledge the first time that inhibition of this morphogenetic movement has been imaged in vivo and offers strong evidence regarding the in vivo inhibition of mesoderm migration by FRNK ( Fig. 2P-T) . The behavior of the FRNK expressing cells correlates well with the in vitro data further strengthening our conclusion that FAK is necessary for this movement.
Experimental procedures

Embryos, explants and microinjections
Xenopus laevis embryos from induced spawning (Winklbauer, 1990a,b) were staged according to Nieuwkoop and Faber (1967) . Operation techniques and buffer (MMR), (Ubbels et al., 1983) have been described (Winklbauer, 1990a,b) . Xenopus embryos were fertilized in vitro and dejellied using 2% cysteine-HCl, pH 7.8, then maintained in 0.1· Marc's Modified Ringer's (0.1· MMR). Microinjections were performed in 4% Ficoll in 0.33· MMR. The embryos were injected with RNA at the 2 and 4-cell stage according to established protocols (Smith and Harland, 1991) . In general FRNK was injected at 500 pg per blastomere up to 1ng total, memGFP at 100 pg per blastomere and FAK at 50 pg per blastomere. After injections the embryos were cultured in 4% Ficoll in 0.33· MMR until stage 8 and then cultured in 0.1· MMR at room temperature. For elongation assays, animal cap explants were prepared from stage 8 (all stages according to Nieuwkoop) embryos and treated with activin protein (10 ng/ml) (Piccolo et al., 1996) containing 0.2% bovine serum albumin (BSA).
Antibodies and surface labelling
Indirect immunofluorescence assays were carried out as described (Skourides et al., 1999; Demetriou et al., 2007) with modifications. Mesodermal cells were plated on glass coverslips (the coverslips were first coated with 50lg/ml fibronectin for 1 h, washed three times with ice cold phosphate-buffered saline (PBS) containing 0.5 mM MgCl2 and 0.5 mM CaCl 2 (PBS2+) and then fixed for 10 min in 4% paraformaldehyde solution in PBS. Fixation was followed by addition of 50 mM glycine solution in PBS and then the cells were permeabilized using 0.2% Triton-X solution in PBS for 10 min. Permeabilized cells were blocked using 10% normal donkey serum (Jackson Immunoresearch, West Gove, PA, USA) for 30 min. Primary antibodies were added in 5% normal donkey serum solution in PBS and were incubated for 45 min. Primary antibodies used included a-FAK polyclonal (2A7, Upstate Biotechnology) (Kragtorp and Miller, 2006) , vinculin (VN 3-24, Hybridoma bank) (Kragtorp and Miller, 2006) , Phospho-FAK antibodies (PY397 monoclonal from Chemicon and polyclonals PY576, PY861 from Biosource Invitrogen), Paxilin (MAB3060, Chemicon Millipore). Secondary antibodies were alexa 633 and alexa 488 from Invitrogen.
For whole mount immunostaining embryos were fixed in 3.7% formaldehyde in phosphate-buffered saline (PBS) for 2 h at room temperature and vitelline envelopes removed manually. Following vitelline envelope removal embryos were permeabilised and blocked for 2 h in 0.5% triton, 5% BSA and 1% Normal Goat or Normal Donkey serum. Primary antibody staining followed using a-FAK polyclonal (2A7, Upstate Biotechnology) (Kragtorp and Miller, 2006) , vinculin (VN 3-24, Hybridoma bank) (Kragtorp and Miller, 2006) , Phospho-FAK antibodies (PY397 monoclonal from Chemicon and polyclonals PY576, PY861 from Biosource Invitrogen), Paxilin (MAB3060, Chemicon Millipore) one at a time or in combinations. Secondary antibodies (alexa 633 and alexa 488 from Invitrogen) were added after overnight PBS + 0.1% Triton washes. Cells were then imaged on a Zeiss Axio Imager using a Zeiss Axiocam MR3, the Axiovision software 4.6. Acquired multichanell images were spectrally unmixed using Axiovision software 4.6. Cleared whole embryos were imaged in a similar fashion. Clearing of embryos was done by immersion in two parts benzyl benzoate and one part benzyl alcohol after dehydration (BB:BA). The refractive index of BB:BA closes matches the refractive index of yolk thereby rendering Xenopus embryos nearly transparent. Optical sectioning was achieved using a Zeiss Apotome structure illumination system.
Plasmids and cloning
HA-FAK and HA-FRNK constructs in the mammalian pCDNA3.1 vector (Hauck et al., 2001 ) and GFP-FRNK (kindly provided by Kevin Pumiglia) construct in the adenoviral shuttle vector, pShuttle were transferred to the CS2++ vector and transcribed into RNA using mMessage mMachine T7 kit (Ambion) and the mRNAs were purified using the Mega Clear kit (Ambion). Microinjections performed as above. EGFP fused to a Ras farnesylation sequence (memGFP) in the CS2++ vector. Xdd1 as described (Wallingford et al., 2000) .
3.4.
Cell migration assays Dorsal marginal zone explants (from stage 11 embryos) were dissociated in CMFM (Sato and Sargent, 1989 ) with the addition of 1 mM EDTA for 10 min. Cells were then placed in four well plates from which the plastic bottom had been removed and a glass cover slip was attached using Silicone Grease. The glass had been previously coated with fibronectin (50 lg/ml). In the cases were more than one cell population was filmed at the same time small Petri dishes were coated with a thin film of agarose and small wells were created by punching through the agarose with a cut pipette tip. The individual wells were then coated with FN and cells were placed in them after being dissociated. Cells were then observed under a Zeiss Axio Imager and time-lapse movies were made using a Zeiss Axiocam MR3, the Axiovision software 4.6 and the average speed of migration was calculated using ImageJ. Cells were tracked for 60 min for each experiment 3.5.
Calculation of in vivo migration rates
The migration rates for in vivo experiments were calculated using the following formula c = 2prl/360 (c: arc, l: 2h angle) considering that the embryo is a sphere with r: 0.5 mm (Supplementary Fig. 2 ). The tracked distance in the 2D projection combined with the starting point and end point z-positions were used to calculate the chord between the two points for each cell (start-point and end-point). Then, since migration inside the embryo is very directional, we assumed a straight line path for each cell and calculated the arc for each given chord using the circle defined by the start and end points plus the center of the sphere. This gives a circle of approximately 1 mm in diameter (the diameter of the embryo) and the central angle h can be calculated for each cell using the chord length and the radius sin(h/2) = c/2 r (where c is the chord length and r the radius). We then went onto calculate the arc length for each cell using the central angle and the radius, using the following formula c = 2prl/360 assuming that the embryo is a sphere with r: 0.5 mm. A right angle triangle may then be formed, in which the radius from the center of the sphere to the end-point of migration corresponds to one side, a perpendicular line from the start point of migration to the radius corresponds to the other side, and the cord C corresponds to the hypotenuse. The Pythagoras's theorem was applied to this right angled triangle to find the hypotenuse and the formula sin(h/2) = C/2 r was used to find the angle h. So, using the formula c = 2prl/360 (l = 2h) we calculated the arc length, corresponding to the migration from the start to the end point. Given that migration is timed we observed an average increase of 0.3 lm/ min of the migration rates. For these assays, embryos were injected with QTracker 800 Cell Labeling Kit (Invitrogen Q25071 MP) in the blastocoel cavity or non-targeted Qdot 800 nanocrystals (Invitrogen Q21071MP) at the 32 cell stage. The embryos were injected at 32 cell stage, in one out of 32 cells, at the dorsal marginal zone (blastomeres B1 or C1). The embryos were transferred into siliconized glass slides with 0.95 mm deep wells so that once a coverslip was placed on top of the embryo it would slightly depress the vitelline membrane and thus immobilize the embryo. Regarding the reference point the time-lapse movies were two channels including a reference reflected light frame with each fluorescence frame. The reference point was a selected superficial cell at the top of the BCR and only embryos in which the reference cell had not changed position (XYZ) in all the relevant frames were used for tracking and measurements.
Quantum Dot labelling and NLS conjugation
For in vivo assays, embryos were injected with QTracker 800 Cell Labeling Kit (Invitrogen Q25071MP) in the blastocoel cavity or non-targeted Qdot's 800-nm nanocrystals (Invitro-gen Q21071MP) at the 32 cell stage. The embryos were injected at 32 cell stage, one out of 32 cells, at the dorsal marginal zone (blastomeres B1, C1). In order to ensure that the embryos did not move during filming they were transferred into siliconized glass slides with $0.95 mm deep wells so that once a coverslip was placed on top of the embryo it would slightly depress the vitelline membrane and thus immobilize the embryo. For each time-lapse movie the reference point was a selected superficial cell at the top of the BCR and only embryos in which the reference cell had not changed position (XYZ) in all the relevant frames were used for tracking and measurements. Individual cell migration rates were calculated from 10 embryos (minimum of 10 individual cells measured from each embryo).
Coupling of biotinylated peptides (NLS, Biotin-Lys-Gly-GlyGly-Pro-Lys-Lys-Lys-Arg-Lys-Val-COOH, CASLO Laboratory ApS) to streptavidin conjugated QD's was performed according to the manufacturer's protocol (Invitrogen Corporation). For the direct Conjugation of Qdot Ò ITK TM Carboxyl Quantum Dots to the purified NLS peptide 2 nmol Qdot Ò ITK TM Carboxyl Quantum Dots (in 50 mM sodium borate, pH 8.3) were diluted to 1 lM using 10 mM borate buffer, followed by the addition of the NLS peptide solution. This was followed by the addition of 57 lL of 10 mg/ml N-ethyl-N 0 -dimethylaminopropyl-carbodiimide (EDC). The solution was stirred for 2 h and then filtered through a 0.2 lm PES membrane unit and transferred to a clean centrifugal ultrafiltration unit and spun in a centrifuge for 5 buffer exchanges with 50 mM borate buffer to remove unconjugated peptides. Finally the conjugate was filtered through a 0.2 lm syringe filter. Conjugates were then electrophoresed to ensure that the conjugation was successful.
In vivo imaging and notes on QD toxicity
Embryos were imaged on a Zeiss AxioImager, with a Zeiss Apochromat 5·/0.25 lens. A Zeiss Axiocam MR3 and the Axiovision software 4.6 were used to aquire the images. Acquired z-stacks were deconvoluted (Inverse Filter) using a theoretical PSF using 800-nm and maximum intensity projections were created using the Zeiss Axiovision software.
For the visualization of QD nanocrystals we used customized filter sets with excitation between 530 and 585 nm and emission between 775 and 825 nm. Although optimal excitation of the QD's requires wavelengths around 400 nm and use of suboptimal longer wavelength excitation resulted in lower signal to noise ratio images and required longer exposure times under the same conditions observation using this filter resulted in much lower photodamage to the embryo. All organic fluorophores were detected using narrow band filter sets recommended by the manufacturers to achieve the maximum background rejection possible.
Different batches of nanocrystals from Invitrogen showed differences regarding the overall toxicity observed in the absence of excitation. Some batches displayed such high toxicity that divisions of injected blastomeres would halt immediately after injection. In addition non-targeted 700 nm QD's from evident technologies (eFluor TM 700 NC ) consistently showed high toxicity making them unsuitable for in vivo experiments in Xenopus. In an effort to determine whether the observed toxicity was due to the QD's themselves or due to chemical contaminants in the buffer, QD batches that displayed toxicity were diluted in PBS (100 ll of QD solution to 2500 ll of PBS) and re-concentrated using an Amicon Ultra-4 Centrifugal Filter (Ultracel À100k) back to their initial volume. This process did not appreciably affect the overall toxicity of the QD solutions suggesting that the source of toxicity are the QD's. This leads to the conclusion that variations in the coating of different batches of QD's and differences in stability of the different coating systems, employed by nvitrogen and Evident technologies, result in differences in toxicity. Evidently, there is a need for improved methodology leading to the creation of water soluble, biocompatible QD's, as well as a need for better quality control of the (currently available) final product.
